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ABSTRACT ARTICLE HISTORY

/?ﬂOth KO.S NaO SN b0.95Ta0.0503 (KN NTO) and (KO SNaO.SN b0.95Ta0.0503)0.99- Received 28 June 2016

o M= C0,0, and Mn,O, (M/KNNTO) Ferromagnetic behaviour ~ Accepted 4 October 2016
was observed for some M/KNNTO compounds. The hardness KEYWORDS

and compressive stljen.gth of al! mvestlgz?\ted samples are given. Lead-free materials;
Comparisons with similar materials are discussed. Ceramics were characterisation:
synthesised using a solid-state reaction method. X-ray diffraction ferroelectricity;
patterns of all samples revealed that the crystal structure is magnetisation; dielectric
orthorhombic. Field-emission scanning electron microscopy was properties; hardness and
performed. Polarisation hysteresis curves indicated a disruption of compressive strength
ferroelectric order with the addition of M into KNNTO ceramics. The

dielectric properties of the investigated ceramics have been studied

as a function of frequency and temperature.

1. Introduction

Multiferroic materials combine two or more ferroic properties, such as ferromagnetism and
ferroelectricity. Ferroelectricity is important for random-access memory (RAM) [1] and
leads to piezoelectricity, which finds use in applications such as sensors, transducers
and actuators because of its ability to couple electrical and mechanical displacements. This
means that the electrical polarisation changes in response to an applied mechanical stress
and/or mechanical strain can respond to an applied electric field. Some materials have
recently attracted more attention because of the need for high piezoelectric sensitivity and
lead-free composition [2-4]. The development of materials with high piezoelectric sensitiv-
ity and lead-free composition is still a major scientific challenge, driven by both the toxicity
of lead oxide (PbO) and directives for environmental protection. Therefore, the elimination
of PbO from the composition of ferro-piezoelectric ceramics in devices becomes a directive
requirement. On the other hand, ferromagnetic properties are useful for recording devices,
transforms and the magnetic strip on the back of credit cards. Therefore, taking information
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in the form of electrical signals and encoding it into magnetic materials makes multiferroics
an active area of research.

Generally, most ferroelectrics are transition metal oxides, in which transition ions exhib-
iting an empty d shell seem to be a prerequisite for ferroelectricity [5]. In contrast, mag-
netism requires transition ions with partially filled d-shells, such as Mn** and Fe’* ions.
The difference in the d shells required for the ferroelectricity and magnetism makes these
two orders mutually exclusive. This explains the difficulty associated with the coexistence
of ferroelectricity and ferromagnetism. But some compounds, such as BiMnO, and BiFeO,,
show simultaneous ferromagnetism and ferroelectricity [4,6]. In these compounds, ferro-
magnetic and ferroelectric properties are associated with different ions, i.e. Mn’>*/Fe** and
Bi**, respectively. In most multiferroic materials, one cation should produce ferroelectricity
and the other produce ferromagnetism. Various studies have been carried out according to
this idea [7-10]. For instance, introducing magnetic ions (Fe ions) into BaTiO, leads to the
coexistence of ferroelectricity and ferromagnetism at room temperature [7]. In addition,
the magnetoelectric effect of Pb(Fe Ti, )O, has been reported by Palkar and Malik [8].

Recently, potassium-sodium-niobate tantalate compound, K /Na, Nb , Ta O,
(KNNTO) has been investigated as a lead-free piezoelectric material. It has excellent piezoe-
lectric and ferroelectric properties [11-19] in addition to its chemical interest [20]. Similar to
BaTiO, and lead zirconate titanate (PZT), introducing magnetic ions such as Mn, Co or Fe to
KNNTO-based materials could cause the coexistence of ferroelectricity and ferromagnetism
and further the coupling between them. Li et al. [21] reported on the magnetocapacitance
of Fe-doped KNNTO. They emphasised that Fe-doped KNNTO revealed ferroelectric and
magnetic properties simultaneously. In addition, there is a coupling between ferroelec-
tric and ferromagnetic orders in Fe-doped ceramics with the application of a magnetic
field because a clear change in dielectric constant is observed. These results revealed that
Fe-doped KNNTO materials could be a promising candidate for practical applications.

It was reported that the Curie temperature, T, of the KNNTO ceramics depends on the
sintering temperature, S, and it is 380 °C at ;.= 1120 °C [15]. Peddigari and Dobbidi [22]
studied the dielectric properties of Gd,0,-doped K, .Na  .NbO, (KNNO). They reported
that the T, of KNNO is 374 °C. Doping KNNO by Gd,0O, enhanced its dielectric permit-
tivity, €', and shifted the polymorphic phase transition orthorhombic to tetragonal tran-
sition temperature (T, — T) from 199 to 85 °C. Moreover, the effect of NaF addition on
the dielectric properties of KNNTO ceramics was studied [23]. It was found that the NaF
doping does not affect the phase transition temperatures of KNNTO significantly, with
T~ T=180°Cand T, =380 °C.

Thisworkaimsto synthesise ceramics of pure KNNTOand (K, ;Na  Nb ;. Ta; . O,), o-M,,
(M/KNNTO), where M = Mn,O,, and Co,0,, usinga solid-state reaction method. Then, the
crystal structure of the investigated compounds is examined. Characterisation technique,
such as field-emission scanning electron microscopy (FE-SEM), was utilised to test the
particle size. In addition, the effect of both metal transition oxides on ferroelectric as well
as the magnetic properties of KNNTO was performed. Also, the temperature and frequency
dependences of both dielectric permittivity (¢') and losses (tan §) of the studied samples
are discussed. We observed an enhancement of both ferroelectricity and magnetism in the
investigated samples.
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2. Experimental

The K, 5Nao'sNbO.%TaO'OSO3 and (KO.5NaO'5NbO.95TaO'0503)0'99—M0.01, with M = Mn,O, and

Co,0 4,'ferroelectric ceramics were synthesised by a conventional solid-state technique
using K,CO,,Na,CO,, Ta,0, (99.9% High Purity Chemicals, Japan) and Nb,O, (99.9%
Cerac Specialty In-organics, USA) as starting raw materials. Before weighing, the pow-
ders were dried in an oven at 100 °C for 24 h to eliminate moisture. The starting materials
were mixed according to the stoichiometric formula and ball-milled for 24 h in ethanol
with zirconia balls. The dried slurry was ground and calcined at 750 °C for 2 h, followed
by another ball-milling for 24 h. The powders were pulverised and pressed into discs with
diameters of 12 mm at 100 MPa.

Sintering was carried out in the temperature range of 1050-1100 °C for 2 h in covered
alumina crucibles. To prevent the vaporisation of Na and K, the discs were embedded in
a powder of the corresponding composition. X-ray powder diffraction (XRD) was per-
formed using a Rigaku Co-Miniflex X-ray diffractometer employing CuK_ radiation with
A =1.5418 A. The microstructures of ceramic samples were analysed with a field-emission
scanning electron microscope (FE-SEM; JEOL, JSM-65 OFF). Ferroelectric hysteresis loops
were measured in silicon oil with the aid of a Sawyer-Tower circuit to apply an electric field
with a sinusoidal waveform. DC magnetisation measurements were performed in a SQUID
magnetometer (Quantum design MPMS5S). To accurately observe the behaviour of each
sample, measurements of dc magnetization-applied field (M-H) curves were measured
at 10 K. Dielectric measurements were performed using a Hioki (Ueda, Nagano, Japan)
model 3532 High Tester LCR, with a capacitance measurement accuracy on the order of
0.0001 pF. The temperature was measured with a T-type thermocouple having an accuracy
of £1 °C. The dielectric permittivity, ¢', of each sample was calculated ase’ = dC/e A, where
Cis the capacitance, d is the thickness of the sample, ¢_is the permittivity of free space and A
is the cross-sectional area of the sample. Also, tan § = ¢"/¢’, where ¢” is the dielectric losses.
The average crushing strength was tested by compressing 10 briquettes between parallel
steel plates to their breaking point using a MEGAKSC-10 hydraulic press. The hardness
was determined using a Vickers Hardness Tester (HVB-30 A).

3. Results and discussion
3.1. Characterisation

Polycrystalline samples of KNNTO and M/KNNTO, where M is Mn,0O,, Co,0, and a-Fe,O,,
were characterised by powder XRD at room temperature, as shown in Figure 1(a). All
reflection peaks characterise an orthorhombic structure without any residuals of the original
constituent oxides, indicating that most of the induced ions diffuse into the host lattice. The
M/KNNTO ceramics exhibit a splitting in the (200)/(002) diffraction peaks as shown in
Figure 1(b). This splitting is small but it can be seen compared with pure KNNTO, con-
firming the slight effect of doping oxides on the structure of the mother compound. As also
shown in Figure 1(b), the position of either (200) or (002) diffraction peaks of M/KNNTO
samples is the same. The lattice parameters and unit cell volume of the investigated samples
are listed in Table 1. The values of the lattice parameters are consistent with those of similar
compounds [24]. Because the ionic radii at the A-site of KNNTO (Na*: 0.102 nm and K*:
0.138 nm) are larger than those at its B-site (Nb>*: 0.069 nm and Ta’*: 0.068 nm) [12,13],
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Figure 1. (colour online) (a) X-ray diffraction patterns, XRD, of pure KNNTO and M/KNNTO samples.
(b) An enlargement of the (200)/(002) diffraction peaks.

Table 1. The lattice parameters and average particle size of KNNTO and M/KNNTO ceramic samples.

Sample aA) b (A) c(A) vV (A3) Average particle size (um)
KNNTO 17.3240 17.5870 3.9242 1195.61422 2.02
C0304/KNNTO 17.3240 17.5870 3.9190 1194.0299 3.10
Mn203/KNNTO 17.3240 17.5870 3.9267 1196.37591 3.34

the M ions probably substitute at the B-site, (Ta>*/Nb**). The ionic radii of doped ions are
Mn>*: 0.0645 nm [25], and Co’*: 0.061 nm [26]. It seems that our doped ions are suitable for
substitution at the B-site, i.e. the Nb and Ta ions. Because there is a small difference between
the ionic radii of M ions and Nb/Ta, the change in the lattice parameters a, b with doping is
small. The lattice parameter ¢ changes slightly with doping. Using the XRD results, the grain
size (D) was calculated using the well-known Scherrer equation, D = 0.91/(B cos 6), where
B is the full width at half maximum intensity (FWHM) in radians, 6 is the Bragg’s angle
and A = 1.54 A. The average grain size of KNNTO is 2.02 um and changes according to the
doped metal oxide, as seen in Table 1.

Figure 2(a)-(c) shows FE-SEM images of KNNTO and M/KNNTO ceramic samples. The
surface images show that all grains are rectangular or cubic. The parent sample primarily
consists of grains with sizes of 1-2.96 pm. With doping, large grains become common,
depending on the type of ion. This reveals that the addition of M is effective for promoting
grain growth. The estimation of particle size deduced from XRD data is consistent with
that observed from FE-SEM.

3.2. Ferroelectric and magnetic properties

The P-E loops were traced for all samples, as presented in Figure 3(a)-(c). There are no
complete saturation polarisations within the studied electric field range. Further attempts to
reach full saturation were not attempted because of electrical breakdown when E exceeded
2 kV/mm. It is noticed that P-E loops for KNNTO is asymmetry compared to those of
other two investigated ceramic samples. This behaviour is the result of building up of the
internal bias field, which plays an important role in the properties of ceramics [27-29]. The
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Figure 2. (colour online) The FE-SEM images for polycrystalline samples: (a) KNNTO, (b) Co,0,/KNNTO,
and (c) Mn,0,/KNNTO.

mechanisms responsible for the occurrence of an internal bias in the lead-free ferroelectrics
are based on the stabilisation of domain wall movement. The maximum polarisation (P__ )
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Figure 3. (colour online) P-E hysteresis loops at room temperature for ceramic samples: (a) KNNTO,
(b) Co,0,/KNNTO, and (c) Mn,0,/KNNTO.

Table 2. The physical properties of KNNTO and M/KNNTO polycrystalline samples, listed are: maximum
polarization, P__, maximum magnetic moment, compressive strength, and hardness.

Physical parameters KNNTO Co,0,/KNNTO Mn,0,/KNNTO
P (WC/cm?) 1537 136 17.46
Maximum magnetization X107 (emu/mass) 1.768 1.782 137
Compressive strength (MPa) 18.73 23.41 14.05
Hardness (MPa) 344 38.4 346

for each sample was calculated and is listed in Table 2. It is clear that the values of P__ as well
as the area of the hysteresis depend on M. In other words, the ferroelectricity of KNNTO
was affected by adding 1.0 wt.% of M. Moreover, KNNTO tends to be a hard ferroelectric
when a small amount of Co,0, adds to it. The ferroelectric behaviour of KNNTO seems to
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Figure 4. (colour online) Mass magnetisation versus applied magnetic field at 10 K for the studied samples:
(a) KNNTO, (b) Co,0,/KNNTO, and (c) Mn,0,/KNNTO.

be affected by the doping of transition metal ions. Therefore, a change in magnetic behaviour
of KNNTO is expected as seen in the next figure.

Figure 4(a)-(c) depicts the specific magnetisation of all samples versus magnetic field
at 10 K. Focusing first on the KNNTO sample, paramagnetic behaviour was observed: the
magnetisation increased linearly within the studied range of applied magnetic field because
no hysteresis loop was observed for the mother sample, even at 10 K. On the other hand,
a hysteresis loop was observed for M/KNNTO ceramics. Both the hysteresis area and the
value of the magnetic moment varied according to the type of M ion. Magnetisation becomes
closer to saturation for Mn-doped KNNTO than it does for Co-doped KNNTO. Similar
behaviour has been reported for Fe-doped KNNTO [21]. Moreover, the maximum value of
the magnetic moment of pure KNNTO and Co-KNNTO is smaller than that of Mn-doped
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Figure 5. (colour online) Frequency dependence of the dielectric permittivity, ', for pure KNNTO and M/
KNNTO at different temperatures.

KNNTO samples, as seen in Table 2. It was also found that the magnetic ordering of these
ceramics exist only at low temperatures. Magnetic disorder is observed for these samples
when temperature raised up. Both Mn** and Co** ions probably substitute for the Nb*
ion at the B-site of KNNTO. This means the magnetic behaviour of M-doped KNNTO can
be explained based on the coupling between metal transition ions and Nb ions. Similar
behaviour was reported for Eu-doped BaTiO, [30].

3.3. Dielectric properties

Figure 5(a)-(c) represents the frequency dependence of ¢’ for pure KNNTO and KNNTO
doped with Co,0, and Mn,O,. It is noticed that ¢’ decreased with increasing frequency
(f) until a certain value of fand then it increased slightly depending on the T, of each
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Figure 6. (colour online) Frequency dependence of tan & for pure KNNTO and M/KNNTO ceramics at
different temperatures.

compound. When the temperature is near from the T, of Mn,O,, ¢’ exhibits higher values
than those of pure KNNTO and Co,0,-doped KNNTO samples (see Figure 5(a) and (b)).
This means that T, of Mn,O, is lower than those of two other samples. On the other hand,
€' of pure KNNTO is the highest compared to M/KNNTO ceramics at T = 400 °C as seen
in panel c of Figure 5. This means that T,. of pure sample is near from such temperature
similar to earlier reports [15,23]. Another evidence that Mn,O,-doped KNNTO shows a
lower T,. compared with those of pure KNNTO and KNNTO doped with Co,0,, is the
variation of tan § with frequency at different temperatures as shown in Figure 6. In addition,
both pure KNNTO and Mn,0,-doped KNNTO show peaks on contrast to Co,O,-doped
one [see Figure 8(a, c)]. The first peak around 100 °C can be attributed to T,) — T transition
in M,0,-doped NNTO, while the second peak for KNNTO is due to T.

The temperature dependence of the &’ for pure KNNTO and KNNTO doped with Mn,O,
and Co,0, at different frequencies is depicted in Figure 7. It is noticed that Mn,O,-doped
KNNTO shows a peak around 100 °C before ferroelectric transition at 200 °C. This peak
might be attributed to structural transition consistent with previous reports [23,31,32].
While pure KNNTO exhibits T . around 360 °C, Co,0,-doped KNNTO undergoes a tran-
sition around 320 °C. To emphasise these results, the variation of tan § against temperature
at different frequencies is plotted in Figure 8. Again, a peak around 100 °C is observed for
Mn,0O,-doped KNNTO and its height changed with increasing temperature. This is another
evidence that Mn,O,-doped KNNTO sample exhibits T. =~ 200 °C consistent with the results
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Figure 7. (colour online) Temperature dependence of the dielectric permittivity, €', for pure KNNTO and
M/KNNTO at different frequencies.

of &'(T). Also, the losses of pure KNNTO increased in the vicinity of T, = 360 °C, and this
behaviour can be seen in the inset of Figure 8(a). Concerning Co,0,-doped KNNTO, there
is a broad peak around 155 °C may be due to structural transition. This peak shifts towards
higher temperatures with increasing frequency. Compared with ¢'(T) data, ferroelectric
transition is observed in the Co,0,/KNNTO sample around 400 °C.

The values of both compressive strength and hardness of all investigated samples were
determined. The results are given in Table 2. Co,0,~-KNNTO exhibited the highest com-
pressive strength and hardness among the studied samples. This means that the mechanical
properties of the host compound can be altered, even with a small amount of doping.
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4, Conclusions

The XRD patterns at room temperature revealed that pure KNNTO and M/KNNTO com-
pounds crystallise in an orthorhombic structure. The average particle size changed with M
doping. P-E hysteresis loops showed that the maximum polarisation, P__, and hysteresis
area also depend on the doped M ions. The results of mass magnetisation confirmed the
existence of ferromagnetism for Mn-doped KNNTO, in addition to its ferroelectricity. On
the other hand, Co-doped KNNTO exhibited a different kind of ordering compared with
that of KNNTO, which shows paramagnetic behaviour, even at 10 K. Based on the die-
lectric results, structural transitions of doped ceramics are observed before entering their
ferroelectric transition. Also, T, of KNNTO is changed by Co,O, and Mn,O, dopants. Both
hardness and compressive strength changed with M doping, and the Co-doped KNNTO
sample has better mechanical properties than those of pure KNNTO and KNNTO doped
with Mn,O,. The results of this work suggest that the investigated samples would be appro-
priate for various applications.
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